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(54) Title: RNA SEQUENCE-SPECIFIC MEDIATORS OF RNA INTERFERENCE 

(57) Abstract: The present invention relates to a Drosophila in vitro system which was used to demonstrate that dsRNA is processed 
to RNA segments 21-23 nucleotides (nt) in length. Furthermore, when these 21-23 nt fragments are purified and added back to 
Drosophila extracts, they mediate RNA interference in the absence of long dsRNA. Thus , these 2 1 -23 nt fragments are the sequence- 
specific mediators of RNA degradation. A molecular signal, which may be their specific length, must be present in these 21-23 nt 
fragments to recruit cellular factors involved in RNAi. This present invention encompasses these 21-23 nt fragments and their use 
for specifically inactivating gene function. The use of these fragments (or chemically synthesized oligonucleotides of the same or 
similar nature) enables the targeting of specific mRNAs for degradation in mammalian cells, where the use of long dsRNAs to elicit 
RNAi is usually not practical, presumably because of the deleterious effects of the interfero n/ response. This specific targeting of a 
particular gene function is useful in functional genomic and therapeutic applications. 
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. RNA Sequence-Specific Mediators of RNA Interference 

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Application No. 
60/265,232, filed January 31, 2001 and U.S. Provisional Application No. 
.5 60/193,594, filed March 30, 2000, and claims priority under 35 U.S.C. §119 to 
European Application No. 00 126 325.0 filed December 1, 2000. The entire 
teachings of the above applications are incorporated herein by reference. 

GOVERNMENT SUPPORT 

Work described herein was funded in part by grants from the National 
10 Institutes of Health through a United States Public Health Service MERIT award 
(Grant No. R01-GM34277) from the National Institutes of Health. The United 
States government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

RNA interference or "RNAi" is a term initially coined by Fire and 

15 co-workers to describe the observation that double-stranded RNA (dsRNA) can 
block gene expression when it is introduced into worms (Fire et al. (1998) Nature 
391, 806-81 1). dsRNA directs gene-specific, post-transcriptionai silencing in many 
organisms, including vertebrates, and has provided a new tool for studying gene 
function. RNAi involves mRNA degradation, but many of the biochemical 

20 mechanisms underlying this interference are unknown. The recapitulation of the 
essential features of RNAi in vitro is needed for a biochemical analysis of the 
phenomenon. 

SUMMARY OF THE INVENTION 

Described herein is gene-specific, dsRNA-mediated interference in a 
25 cell-free system derived from syncytial blastoderm Drosophila embryos. The in 
vitro system complements genetic approaches to dissecting the molecular basis of 
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RNAi. As described herein, the molecular mechanisms underlying RNAi were 
examined using the Drosophila in vitro system. Results showed that RNAi is 
ATP-dependent yet uncoupled from mRNA translation. That is, protein synthesis is 
not required for RNAi in vitro. In the RNAi reaction, both strands (sense and 
5 antisense) of the dsRNA are processed to small RNA fragments or segments of from 
about 2 1 to about 23 nucleotides (nt) in length (RNAs with mobility in sequencing 
gels that correspond to markers that are 21-23 nt in length, optionally referred to as 
21-23 nt RNA). Processing of the dsRNA to the small RNA fragments does not 
require the targeted mRNA, which demonstrates that the small RNA species is 
10 generated by processing of the dsRNA and not as a product of dsRNA-targeted 
mRNA degradation. The mRNA is cleaved only within the region of identity with 
the dsRNA. Cleavage occurs at sites 21-23 nucleotides apart, the same interval 
observed for the dsRNA itself, suggesting that the 21-23 nucleotide fragments from 
the dsRNA are guiding mRNA cleavage. That purified 21-23 nt RNAs mediate 
15 RNAi confirms that these fragments are guiding mRNA cleavage. 

Accordingly, the present invention relates to isolated RNA molecules 
(double- stranded; single-stranded) of from about 21 to about 23 nucleotides which 
mediate RNAi. That is, the isolated RNAs of the present invention mediate 
degradation of mRNA of a gene to which the mRNA corresponds (mediate 
20 degradation of mRNA that is the transcriptional product of the gene, which is also 
referred to as a target gene). For convenience, such mRNA is also referred to herein 
as mRNA to be degraded. As used herein, the terms RNA, RNA molecule(s), RNA 
segments) and RNA fragments) are used interchangeably to refer to RNA that 
mediates RNA interference. These terms include double-stranded RNA, 
25 single-stranded RNA, isolated RNA (partially purified RNA, essentially pure RNA, 
synthetic RNA, recombinant^ produced RNA), as well as altered RNA that differs 
from naturally occurring RNA by the addition, deletion, substitution and/or 
alteration of one or more nucleotides. Such alterations can include addition of 
non-nucleotide material, such as to the end(s) of the 21-23 nt RNA or internally (at 
30 one or more nucleotides of the RNA). Nucleotides in the RNA molecules of the 
present invention can also comprise non-standard nucleotides, including 
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non-naturally occurring nucleotides or deoxyribonucleotides. Collectively, all such 
altered RNAs are referred to as analogs or analogs of naturally-occurring RNA 
RNA of 21-23 nucleotides of the present invention need only be sufficiently similar 
to natural RNA that it has the ability to mediate (mediates) RNAi. As used herein 
5 the phrase "mediates RNAi" refers to (indicates) the ability to distinguish which 
RNAs are to be degraded by the RNAi machinery or process. RNA that mediates 
RNAi interacts with the RNAi machinery such that it directs the machinery to 
degrade particular mRNAs. In one embodiment, the present invention relates to 
RNA molecules of about 21 to about 23 nucleotides that direct cleavage of specific 
10 mRNA to which their sequence corresponds. It is not necessary that there be perfect 
correspondence of the sequences, but the correspondence must be sufficient to 
enable the RNA to direct RNAi cleavage of the target mRNA. In a particular 
embodiment, the 21-23 nt RNA molecules of the present invention comprise a 3' 
hydroxyl group. 

15 The present invention also relates to methods of producing RNA molecules 

of about 21 to about 23 nucleotides with the ability to mediate RNAi cleavage. In 
one embodiment, the Drosophila in vitro system is used. In this embodiment 
dsRNA is combined with a soluble extract derived.from Drosophila embryo, ihereby 
produang a combination. The combination is maintained under conditions in which 
20 thedsRNAisp r ocessedtoRNAmoleculesofabout21toabout23 nucleotides. In 
another embodiment, the Drosophila in vitro system is used to obtain RNA 
sequences of about 21 to about 23 nucleotide, which mediate RNA interference of 
the mRNA of a particular gene (e.g., oncogene, viral gene). In this embodiment, 
double-stranded RNA that corresponds to a sequence of the gene to be targeted is 
25 combmed with a soluble extract derived from Drosophila embryo, thereby producing 
a combmation. The combination is maintained under conditions in which the 
double-stranded RNA is processed to RNA of about 21 to about 23 nucleotides in 
length. As shown herein, 21- 23 nt RNA mediates RNAi of the mRNA of the 
targeted gene (the gene whose mRNA is to be degraded). The method of obtaining 
30 21-23 nt RNAs using the Drosophila in vitro system can further comprise isolating 
the RNA sequence from the combination. 
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The present invention also relates to 21-23 nf t?ma ^ , , 
of the „^ m( • ^ A P roduce d by the methods 

referred to as 21-23 ntRNAs that mediate RNA interference; As ^ herein the 
'7 ^ ^ fa ™* obtained bcluding 

con^ons ^pnstng 21-23 n. RNAs tba, mediate RNAi, such as 

15 in, , *" l,Mi ™ ta ' b » te "« aodoftnediaungRNA 

mouse orahunran). In one e m bodunea.,RNAofabo«,21 t oaboa,23n.which 
o^s a fate .^ rco ^ o _ tewUch J -^or 

organrsnt.aeeeliororgarnsmeanbeoneinwhiehRNAioeeursasfteceUor 
RNA, oceurs (e.g„ by addition of components obtained from a cen or ceU extract 

25 ™ A ° r8m,Sm " ^ ^ ^ ■ - - organi! in 

been^otbatRNAiooe^s. b. anodrer en.bodin.cn, the naeUtod of 
med^g RNA mterference of a gene in a cel, comprises combining 

^^ed^rirosopbilaembryo.merebyproducingaeon.binanon The 
p r occ,ed,o RNA so f abon,2,,oabo„,23n U cleo t ides.2,,o23n« RNA ^ S 
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isolated and introduced into th* „n 

mediae RNA interference of to ^ , ^ 

previous embodiment ae " , " U « «»-*«• *r the 

RNAi occurs 

The present invention also relates to hir^u • , 

^pteaent invention abba., t , '"""^ "» *» "«« <* 

^ *„ a <^;i rr • *• biochemiM ' - * 

'5 Wisnlated-includesmatena! . * — **. 0. 

ohemical synthesis or ree„ „ by me,ho<ls «* - 

ynthas,, orrecombuumuucleic acid (DNA, RNA) methods 

of disease states, ,„ examine the ftncta „f , ' *' m ° deb 

"^whichRNAiocnma TV 
™ , togmde ^ a ^ t ionofthemRNAof,i 1 ,»a * , 

organisms produced bv H. organisms. Knockdown cells and 

P ^^^P^me.bodarealaorheaubjec.ordnahrvennon. 
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"nw present invention also relates to a method of examining or assessing the 
^ no agene.aoeHororg^^oneentho^ent, RNAofabou.2! 
about 23 nt wtaoh targets nu^A of me gene for oegradanon is tatrodaoeo te0 a ^ 
Or ~-^^Ai„cc u ,. m ecenororgani SI n isreftlredt0asatetce]1 
or organs tt e test eeU or orgamsm is maimed ^ 

^onofmRHAofmegeneoccum. Tire pheno^pe of the.es, ee U or 
organism is then observed and compared to that of an appropriate control eel] or 
orgamsm, such aa a corresponding cell or organism that is treated m to same 
~e X cep, m a tt e tog e,ed (s peo ifi e) g eneisno«Ur 8 e te d. A 21 to 23 nt RNA 

^doesnottargetmentRNAfordegradaUonoanhem^ncedin^econma, 
ceU or organism in plac of me RNA inhoduced into the tea, cell or organism 

rrr^ eUSOr °~ PrOVideSi,,f — ahontmemncdonofme 
d^radedndmA In another embodiment, double-stranded RNA that corresponds to 

^^^^lac.mbmedwimasolnblee^tmatmedia.esKNAi.snch 
as «he soluble exune, derived from Dmsophda embryo described hemin, under 

condrnona in which me douhle-snanded RNA is pmcessed to generate RNA of 

abou 21 to about 23 nucleoudes. n. RNA of about 21 ,o about 23 nucleotides is 

-so^ed and men innoduced into a eel, or organism in which RNAi occurs (tes, eel, 

^^^ OT ofmen, E NAoeonm.T 1 e pIral „ 5p e. fthetestcellor 
orgamsm is men observed and compared m * „ f „ appropriate 

^^^^ormganiarn^ia^m^^^^,,,^ . 
orgamsm except thai me targeted gene is target A difference between the 
Phenotvpes of me teatand control cells or organisms provides mformation about the 

^ormauonp,ovidedmaybesu ffi cien,,o 

.denhaVCdemaeJme^ctionofmegeneormaybeusedinconjunchonwim 
mformanon obtained from other assays or analyses to do so 

Alsoureaubjectofmeprese.t.mvenrionisamemodofvaUdanngwhemer 
30 anag^tactsonagane. !n this method, RNA of momabou,2. to about23 
nucleotides ma, ,arge K me mRNA ,o be degmded is inhoduced in,o a ceU o, 
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Figure 1 is a schematic representation of reporter mRNAs and dsRNAs 
Rr-Luc and Pp-Luc. Lengths and positions of the ssRNA, asRNA, and dsRNAs are 
shown as black bars relative to the Rr-Luc and Pp-Luc reporter mRNA sequences 
Black rectangles indicate the two unrelated luciferase coding sequences, lines 
5 correspond to the 5' and 3' untranslated regions of the mRNAs. 

Figure 2A is a graph of the ratio of luciferase activities after targeting 50 pM 
Pp- Luc mRNA with 10 nM ssRNA, asRNA, or dsRNA from the 505 bp segment of 
the Pp- Luc gene showing gene-specific interference by dsRNA in vitro. The data 
are the average values of seven trials ± standard deviation. Four independently 
10 prepared lysztes were used. Luciferase activity was nonnalized to the buffer control- 
a rauo equal to one indicates no gene-specific interference. 

Figure 2B is a graph of the ratio of luciferase activities after targeting 50 pM 
Rr- Luc mRNA with 10 nM ssRNA, asRNA, or dsRNA from the 501 bp segment of 
the Rr- Luc gene showing gene-specific interference by dsRNA in vitro. The data 
15 are the average values of six trials ± standard deviation. A Rx-Luc/Pp-Luc ratio 
equal to one indicates no gene-specific interference. 

Figure 3A is a schematic representation of the experimental strategy used to 
show that incubation in the Drosophila embryo lysate potentiates dsRNA for gene- 
specmc interference. The same dsRNAs used in Figure 2 (or buffer) was serially 
20 preincubated using two-fold dilutions in six successive reactions with Drosophila 
embryo lysate, then tested for its capacity to block mRNA expression. As a control 
the same amount of dsRNA (10 nM) or buffer was diluted directly in buffer and 
incubated with Pp-Luc and Rr-Luc mRNAs and lysate. 

Figure 3B is a graph of potentiation when targeting Pp-Luc mRNA Black ' 
25 Vindicate me ds^ whitecolumns 
correspond to a direct 32-fold dilution of the dsRNA Values were normalized to 
those of the buffer controls. 

Figure 3C is a graph of potentiation when targeting Rr-Luc mRNA. The 
corresponding buffer control is shown in Figure 3B. 
30 Figure 4 is a graph showing effect of competitor dsRNA on gene-specific 

interference. Increasing concentrations of nanos dsRNA ( 508 bp) were added to 



20 
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reacts containing 5 M ^ (aie ^ ^ ^ fa ^ ^ ^ 
targeting Pp-Luc mftNA (Mack columns, left rais) or r,^ ^ (wMte 
columns, right axis). Each reaction contained both a target mRNA (Pp-Luc for tire 

5 aebUckco.umna.Pp.t.ncfortirewhite). Values were nonnahzed to the buffer 
control (no, shown). The reactions were mcubated under stands conditions (see 
Methods). v 

Fignre 5A is a graph showing the effect ofdsRNA on mRNA stability 
Crrc.es, Pp-Lnc nrRNA; scares, Rr-Luc mRNA; fined symbo,s, bnffer incubation- 
open symbols, incubation with Pp-dsRNA 

„ „ JOT 5B " * Sh ° Wing *' ***** ° f **" ^ -abated with 
Rr- dsRNA or Pp-dsRNA. Pilled squares, buffer; open squarcs, Pp^RNA (10 
nM); open circles, Rr-dsRNA (10 nM), 

Figure 5C is a graph showing the dtpendence.on dsRNA length The 

ofb^rord^Aaof different^. Pitied squares, hoffer; open oirc.es, 49 bp 

5^ ,1?; ^ ta — ^""•«»0«-ft openhaang.es 
SOSbpdsRNAdOnM); open diamonds, 997 bp dsRNA (10 nM). Reactions ^ 
mcubated under standard conditions (see Methods). 

Figure 6 is a graph showing tha, RNAi Requires ATP. Creatine kinase (CK) 
uses creatine phosphate (CP) to regenerate ATP. Circles, +ATP, +CP +CK- 
squares, -ATP, +CP, +CR trianeles -ATP rc ■ 
+CP.-CK mangles, -ATT, -CP, +CK; mverted triangles, -ATP, 



F.gure7A is a graph of protein synthesis, as reflected by luciferase activity 
produced after incubation of Rr-htc mRNA in the in vitro RNAi reaction for . hour 

chloramphenicol, relative to a reaction without any inhibitor showing mat RNAi 
does not require mRNA translation. 

Figure 7B is a graph showing translation of 7-methyl-guanosine- and 
adenosine- capped P P -,uc mRNA, (circles and squares, respectively) in the RNAi 
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reaction in the absence nf ^x>\i a 

°ne-hour incubation ' " ~ ^ in a 

10 Ji in vitro " — . -« « of 

"i a aumaara KNAi reaction with buffer ^n««*u r,> T1 
bp Pp-dsRNA fnrth^t; • WimDutter ' 505 ntPp-asRNA J or505 
p P oskjn A tor the tunes indicated showing that asRMA 

RNAi in vitro. A C&USes a smaU ™n* of 

position of dsS K A C • *b,!' c , ~ ^ 

20 bythisdsRNA ^1 

Figure 1 1 is a proposed model for RNAi DMA i 
25 cleavage of the dsRNA to 2, 23 n , * 7T mnsi ^ ^ with 

inanruMproteioclt ^ TT ^^^^-iease.peroaps 
ATP- depLelT ^ *- h * - 

-gined to remain aasnciaM 1^ ^ ^ ^ " ' 
rati length dsRNA, thus explaining the inefficiency of 
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asRNA to trigger RNAi in vivo and in vitro. Finally, a nuclease (triangles) would 
cleave the mRNA. 

Figure 12 is a bar graph showing sequence-specific gene silencing by 21-23 
nt fragments. Ratio of luciferase activity after targeting of Pp-Luc and Rr-Luc . 
5 mRNA by 5 nM Pp-Luc or Rr-Luc dsRNA (500 bp) or 2 1-23 nt fragments isolated 
from a previous incubation of the respective dsRNA in Drosophila lysate. The 
amount of isolated 21-23 mers present in the incubation reaction correspond to 
approximately the same amount of 21-23 mers generated during an incubation 
reaction with 5 nM 500 bp dsRNA. The data are average values of 3 trials and the 
10 standard deviation is given by error bars. Luciferase activity was normalized to the 
buffer control. 

Figure 13A illustrates the purification of RNA fragments on a Superdex HR 
200 10/30 gel filtration column (Pharmacia) using the method described in Example 
4. dsRNA was 32P-labeled, and the radioactivity recovered in each column fraction 
1 5 is graphed. The fractions were also analyzed by denaturing gel electrophoresis 
(inset). 

Figure 1 3B demonstrates the ability of the Rr-luciferase RNA, after 
incubation in the Drosophila lysate and fractionation as in Fig. 13A, to mediate 
sequence-specific interference with the expression of a Rr-luciferase target mRNA. 

20 One microliter of each resuspended fraction was tested in a 10 microliter in vitro 
RNAi reaction (see Example 1). This procedure yields a concentration of RNA in 
the standard in vitro RNAi reaction that is approximately equal to the concentration 
of that RNA species in the original reaction prior to loading on the column. Relative 
luminescence per second has been normalized to the average value of the two buffer 

25 controls. 

Figure 13C is the specificity control for Fig 13B. It demonstrates that the 
fractionated RNA of Fig 13B does not efficiently mediate sequence-specific 
interference with the expression of a Pp-luciferase mRNA. Assays are as in Fig 
13B. 

30 Figures 14A and 14B are schematic representations of reporter constructs 

and siRNA duplexes. Figure 14A illustrates the firefly (Pp-luc) and sea pansy (Rr- 
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luc) luciferase reporter gene regions from plasmids pGU-Control, P GL3-Control, 
and pRL-TK (Promega). SV40 regulatory elements, the HSV thymidine.kinase 
promoter, and two introns (lines) are indicated. The sequence of GL3 luciferase is 
95% identical to GL2, but RL is completely unrelated to both. Luciferase expression 
5 from pGL2 is approximately 10-fold lower than from pGL3 in transfected 

mammalian cells. The region targeted by the siRNA duplexes is indicated as black 
bar below the coding region of the luciferase genes. Figure 14B shows the sense 
(top) and antisense (bottom) sequences of the siRNA duplexes targeting GL2 (SEQ 
ID Nos: 10 and 1 1), GL3 (SEQ ID Nos: 12 and 13), and RL (SEQ ID Nos: 14 and 
10 15) luciferase are shown. The GL2 and GL3 siRNA duplexes differ by only 3 single 
nucleotide substitutions (boxed in gray). As unspecific control, a duplex with the 
inverted GL2 sequence, invGL2 (SEQ ID Nos: 16 and 17), was synthesized. The 2 
nt 3' overhang of 2'-deoxythymidine is indicated as TT; uGL2 (SEQ ID Nos: 18 and 
19) is similar to GL2 siRNA but contains ribo-uridine 3 • overhangs. 
15 Figures 15A-15J are graphs showing RNA interference by siRNA duplexes. 

Ratios of target to control luciferase were normalized to a buffer control (bu, black 
bars); gray bars indicate ratios of Photinus pyralis (Pp-\uc) GL2 or GL3 luciferase to 
Renilla reniformis (Pr-luc) RL luciferase (loft axis), white bars indicate RL to GL2 
or GL3 ratios (right axis). Figures 15A, 15C, 15E, 15G, and 151 show results of 
experiments performed with the combination of pGL2-Control and pRL-TK reporter 
Plasmids, Figures 15B, 15D, 15F, 15H, and 15J with pGL3-Control and pRL-TK 
reporter plasmids. The cell line used for the interference experiment is indicated at 
the top of each plot. The ratios of Pp-luc/Rr-luo for the buffer control (bu) varied 
between 0.5 and 10 for P GL2/pRL, and between 0.03 and 1 for P GL3/pRL, 
25 respectively, before normalization and between the various cell lines tested. The 
plotted data were averaged from three independent experiments ± S.D. 

Figures 16A-16F are graphs showing the effects of 21 nt siRNAs, 50 bp, and 
500 bp dsRNAs on luciferase expression in HeLa cells. The exact length of the long 
dsRNAs is indicated below the bars. Figures 16A 16C, and 16E describe 
30 experiments performed with P GL2-Control and pRL-TK reporter plasmids, Figures • 
16B, 16D, and 16F with pGL3-Control and pRL-TK reporter plasmids. The data 



20 
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were averaged from two independent experiments ± S.D. Figures 16 A, 16B, 

Absolute P^-luc expression, plotted in arbitrary liiminescence units. Figure 16C, 

16D, Rr-luc expression, plotted in arbitrary luminescence units. Figures 16E, 16F, 

Ratios of normalized target to control luciferase. The ratios of luciferase activity for 

5 siRNA duplexes were normalized to a buffer control (bu, black bars); the 

luminescence ratios for 50 or 500 bp dsRNAs were normalized to the respective 

ratios observed for 50 and 500 bp dsRNA from humanized GFP (hG, black bars). It 

should be noted, that the overall differences in sequence between the 49 and 484 bp 

dsRNAs targeting GL2 and GL3 are not sufficient to confer specificity between GL2 

10 and GL3 targets (43 nt uninterrupted identity in 49 bp segment, 239 nt longest 

uninterrupted identity in 484 bp segment) (Pairish, S., */., M>/. Cell, 5:1077-1087 
(2000)). 

DETAILED DESCRIPTION OF THE INVENTION 

Double-stranded (dsRNA) directs the sequence-specific degradation of 
15 mRNA through a process known as RNA interference (RNAi). Theprocessis 

known to occur in a wide variety of organisms, including embryos of mammals and 
other vertebrates. Using the Drosophila in vitro system described herein, it has been 
demonstrated that dsRNA is processed to RNA segments 21-23 nucleotides (nt) in 
length, and furthermore, that when these 21-23 nt fragments are purified and added 
20 back to Drosophila extracts, they mediate RNA interference in the absence of longer 
dsRNA. Thus, these 21-23 nt fragments are sequence-specific mediators of RNA 
degradation A molecular signal, which may be the specific length of the fragments, 
must be present in these 21-23 nt fragments to recruit cellular factors involved in 
RNAi. This present invention encompasses these 21-23 nt fragments and their use 
25 for specifically inactivating gene function. The use of these fragments (or 

recombinantly produced or chemically synthesized ohgonucleotides of the same or 
similar nature) enables the targeting of specific mRNAs for degradation in 
mammalian cells. Use of long dsRNAs in mammalian cells to elicit RNAi is usually 
not practical, presumably because of the deleterious effects of the interferon 
30 response. Specific targeting of a particular gene function, which is possible with 
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21-23 nt flagmen* of to present invention, is useful in functional genomic ^ 
therapeutic applications. 

In particular, the present invention relates to RNA moleculea of abont 21 to 
^"esfcatmemato^^ 

rela.es to RNA molecules of anon, 21 to abou, 23 nucleotides that direot cleavage of 
^cnRNAtowhichtbeycorreapond. The 21-23 n, RNA molecules of tire 
present mvention can aiso comprise a 3' nydroxyl gronp. The 21-23 n, RNA 
molecules can be shrgto-siranded or double ahmded (as two 21-23 n, RNAs)- such 
^eacanbebinntendeaorcompriseovemaugmgends^., n Ms?xmc 
embodrment, the RNA molecule is double sfmnded and either blnn, ended or 
compnses overhanging ends (as two 21-23 nt RNAs). 

lit one embodiment, at least one strand of the RNA molecule has a 3' 
overhang flom about 1 to about 6 nucleotides (e. g ., pyrhnidme nucleotide*, puriue 
nucleoridesjiu length. In other embodimema, me r overhang is fcm ^ , to 
about 5 nucleotides, from abou, , „ about 3 nudeotides and fium about 2 to ahont 4 
nudeotidea hr .ength. In one embodiment me RNA mo,ecn.e is douWe sounded 

ones tt andhasa3■overh a ngandmeomerahandoanbeb ta n,-endedorhavean , 
ovemang. m the embodiment in which the RNA molecule is double ahanded am. 
_ oom ^ oon]prise m overta& ^ jength ^ ^ ^ ^ ^ ^ ^ 

different for each strand. In a particular embodiment, the RNA of the present 
tnventron comprises 21 nucleotide strands which are paired and which have 
ovethangs of from about I to about 3, particular.,, about 2, nucleotidea on bom V 

endsofmeWAInordertoMerenhanceme^ofmeRNAofmepresen. 

mvenhor^fteS'overhangacanbeatobilizetiagamatdegradation. Inone 
25 enrtodhnem, me RNA is stabihzed by including purine nucleotidea, such as 
adenoame or guanosme nucleotides. Alternatively, substitution of pyrimidine 
nucleotidea bymodified analogues, eg, substitution of undine 2 nucleotide 3' 
overhangs by ^eoxyfcymidine ia tolerated and does no, affect the efficiency of 

RNA, ^absenceofa^hymoxyfsigmficantlyeuhanceamenucleaaeresia^ce 
30 of the overhang in tisaue culture medium 
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The 21-23 nt RNA molecules of (he preset invention oan be obtained nsing 
a nnmber of techniques knot™ to toe of skill in the art. For example, the RNA 
ean be chemically synthesized or reoombinantly prodnoed naing methods known in 
the art The 21-23 n. RNAs ean also be obtained naing me Droaophila in vteo . 
S system described herein. Use of the Droaophila in vitro system entails combining 

dsRNAwimaso^leextraetderivednomDmaopbnaembryo.merebyprodnemga 
combination. The combination is maintained under conditions in which the dsRNA 
■a proceased to RNA of about 21 to about 23 nucleotides. The Droaophila in vitro 
. ^-al S obeuaed to obUinRNAofabom2 lt oabon.23nucleo„de S inlengm 
10 ^^a t eaRNAm,erfe re nc,ofmen*NAofapa rti cuia r gene(e. E .,oncn g ene 
viral gene). In Una embodiment, double-stranded RNA that corresponds to a 
sequence of the gene is combined with a soluble extract derived from Droaophila 
embtyo, thereby producing a combination. The combination is maintained under 

-"^towlnohthedonhle-stinnWRNAisproceasedmfceRNAofabouti. 
15 to ^'«^Ieotides.As S hownherein,21-23ntRNAmedia tes RNAiofti 1 e 
mRNA to be degraded. The present invention also rotates to the 2 1-23 nt RNA 

molecules produced by the methods described herein. 

In one embodiment, the methods described herein are used to identity or 

,„ ^''^"'^"^^-^-^-specificmediatoraof 
20 RNA degradation and, thus, for inhibiting raRNAs, such as human mRNAs Hat 
encode products associated with or causative of a disease or an undesirable 
condttton. For example, production of an oncoprotein or viral protein oan be 
inhibited in humans in order to prevent the disease or condition from occurring, limit 
meextenttowhichitoccuraorreveraeit. Iftheae^ence ofthe gene to be targeted 
m humans is known, 2 1 -23 nt RNAa can be produced and tested for their abibty to 
mediate RNAi in a cell, such as a human or other primal, cell. Those 21-23 nt 
human RNA molecules shown to mediate RNAi can be tested, if desired, in art ' 
appropriate animal model to further assess their in vivo effectiveness. Additions! 
copies of 21-23 nt RNAs shown to mediate RNAi can be produced by the methods 
30 described herein. 
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The method of obtaining ^ 21 . M „ mA ^ ^ 

oan toher comprise isolating te RNA sequence from ft. TCmbfaation 
The 21-23 n. RNA molecules can be isolated using a number of techniques known 

5 0 i r,° R f n n * eart F °"*^« -beuaed toaepatate 
21-23 n, RNAs from the combination, gel slices compriaing the RNA sequences 
removed and RNAs eiuted from the gel dices. Alternatively, non-denahuing 
methods, such aa non-denaturing column chromatography, can be used to iaolate me 
Reproduced. In addition, omomam^phy (e.g„ size exclusion chromatog^hy) 

.0 taolam21.23n.RNAa. The RNA-pmtein complex iaoiated from the DrosophUa in 
vtho system can also be used directly in the medrods described herein (e.g., method 
ofmediatingRNAiofmRNAofagene). So!ub,e extmcts derived from Drosophila 
embryo tha, mediate or RNAi are encompassed by the invention. The soluble 

ex^caa.beobUmedfmm^biastodermDmaophilaemb^aadescnbed 
mBxamptes.^amU Soluble exults can be derived ftom other cel!s m which 
Atomadvely, aoluble extracts can be obtained fiom a oeU that does 
not carry out RNAi. In this inatance, the fectors needed to mediate RNAi can be 
^cedintosuchacehandmesohtbleexuaciiantenobhrined The component 

20 ^-^canalsobeohenricnhyaynflreaiaedand/orcombmedusingmeaooa 
known in the art. 

^^Acanbeuaedmthemethodaofmepmaentinvention.provided 
that tthaa suflicieu to ^ ^ ^ fo ^ 

* daRNA for use in the methoda of me present htvenuon need not be known 
Alternatively, the dsRNA for use in the present invention can coireapond to a known 

aequeace.auehaau.mofanentogeneConeormorOorporiion.hereof. Thereis 
no upper limit on the length of the daRNA .ha, can be uaed. For exampte, the 
fc*NA can range from about 21 base pahs (bp) of the gene to the Ml .ength of are 
' geneormore. In one embodiment, the dsRNA used in the methods of the present 
mvenhon. about ,000 bp in length, in another embodiment, the dsRNA is about 
500 bp m lengm. Jh ye, another embodiment, the dsRNA is about 22 bp in length 
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^^^^^^^ 

«*. ^«-^ fcaspe<fificen 1 bodi m en,,,he2 1 ,o23n, 
RNA is rnuoduced rnto human ^ or , hwm h ^ ^ ^ 

a*NA(the Wona^™,^^ ^ « 

ttas ™"~a„RNAofab„u,21 t „abo U 23nucIe„ a des ft a»^ etsthe 
corresponding mRNA (the mRNA of the targeted gene) for degradation is 

m ^cedin tofll ece U ororgani Sm .Ueoe n „ ror8 « smism!>intidnedunder 
condone under whieh degradation of the corresponding mRNA 0c011rs , ^ 

^^^^of^rnRNA.fthegeneinflreeeUororgani.nL 
^-^odirnenr.rirenremodofr^gKKA^^^ ejna 

eel, comprises combining douMe-sfiunded RNA that corresponds to a sequence of 

aenrnhurano, Ihe combination is maintained under condition, in which the 

2 '^3n tRNA , stoisoIatedandmtrodncedtatoihecdior 

or organs is maintained under conditions in which degradation of mRNA of the 

gene occurs merehy mediating RNA interference of the gene in the cefi or organism. 

m the even, the, the 2,-23* RNA is introduced into a ceU in which RNAi, does no, 

normaUyoceur.mefec^neededtomedia^Aiarem^ucedmtoauchaoen 

23 <RNAproducedbyo«her m ethods(e.g ., chemica, synmesis , recombinant DNA 
^on) to havea M mpo si Uonmesameaaorsn ffi c i enUy si mi 1 ar to a2 1 ,o23n, 

T t ^r ^^^^^^ 

23 ntRNAs canbe aitered hyaddihon, deiefion, aubanhmon or modification of one 
ormorenuclenfidesand/orcancomprisenon-nuoleofidematerials. Afiuthec 
embodnnen. of this invenfion is an ex vivo method of treating ceUs fiom an 
to degmdeagene^tha. causes or is associated withadisease or 
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undesrrable condition, such as leukemia or AIDS. In this embodiment, cells to be 
treated are obtained from the individual using known methods (e.g., pbJebotomy or 
collechon of bone marrow) and 21-23 nt RNAs thatmediate degradation of the 
corresponding mRNA(s) are introduced into the cells, which are then re-introduced 
5 into the individual. Ifnecessary, biochemical components needed for RNAi to occur 
can also be introduced into the cells. 

. The mRNA of any gene can be targeted for degradation using the methods of 
medxatmgmterferenceofmRNAdescribedherein. Forexample, any cellular or 
viral mRNA, can be targeted, and, as a result, the encoded protein (e g an 
10 oncoprotein, a viral protein), expression will be diminished, m addition, the mRNA 
of any protein associated with/causative of a disease or undesirable condition can be 
targeted for degradation using the methods described herein. 

The present invention also relates to a method of examining the function of a 
gene m a cell or organism. In one embodiment, an RNA sequence of about 21 to 
15 about 23 nucleotides that target, mRNA of the gene for degradation is introduced 
into the cell or organism. The bell or organism is maintained under conditions under 
wmch degradation of mRNA of the gene occurs. The phenotype of the cell or 
organism is then observed and compared to an appropriate control, thereby 
providing information about the function of the gene. In another embodiment 
20 ^-tr^ 

soluble extract derived from Drosophila embryo under conditions in which the 
double-stranded RNA is processed to generate RNA of about 21 to about 23 
nucleotides. The RNA of about 21 to about 23 nucleotides is isolated and then 
mtroduced into the cell or organism. The cell or organism is maintained under 
25 conditions in which degradation of the mRNA of the gene occurs. The phenotype of 
the cell or organism is then observed and compared to an appropriate control, 
thereby identifying the function of the gene. 

A further aspect of this invention is a method of assessing the ability of 
21-23 nt RNAs to mediate RNAi and, particularly, deterrnining which 21-23 nt 
30. RNA(s)mostefncientlymediateRNAi. In one embodiment of the method, dsRNA 
corresponding to a sequence of an mRNA to be degraded is combined with 
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10 



detectably labeled (e.g., end-labeled, sucb as radiolabeled) mRNA and the soluble 
extract of this invention, thereby producing a combination. The combination is 
maintained under conditions under which the double-stranded RNA is processed and 
the mRNA is degraded. The sites of the most effective cleavage are mapped by 
comparing the migration of the labeled mRNA cleavage products to markers of 
known length. 21 mers spanning these sites are then designed and tested for their 
efficiency in mediating RNAi. 

Alternatively, the extract of the present invention can be used to determine 
whether there is a particular segment or particular segments of the mRNA 
corresponding to a gene which are more efficiently targeted by RNAi than other 
regions and, thus, can be especially useful target sites. In one embodiment, dsRNA 
corresponding to a sequence of a gene to be degraded, labeled mRNA of the gene is 
combined with a soluble extract that mediates RNAi, thereby producing a 
combination. The resulting combination is maintained under conditions under 
15 which the dsRNA is degraded and the sites on the mRNA that are most efficiendy 
cleaved are identified, using known methods, such as comparison to known size 
standards on a sequencing gel. 

OVERVIEW OF EXAMPLES 

Biochemical analysis of RNAi has become possible with the development of 
20 me m vitro Drosophila embryo lysate that recapitulates dsRNA-dependent silencing 
of gene expression described in Example 1 (Tuschl et al., Genes Dev., 13 :3 191-7 
(1999)). In the in vitro system, dsRNA, but not sense or asRNA targets a 
corresponding mRNA for degradation, yet does not afl;ect the stability of an 
unrelated control mRNA. Furthermore, probation of the dsRNA in the lysate 
25 potentiates its activity for target mRNA degradation, suggesting that the dsRNA 
must be converted to an active form by binding proteins in the extract or by covalent 
modification (Tuschl et al., Genes Dev., 13:3191-7 (1999)). 

The. development of a cell-free system from syncytial blastoderm Drosophila 
embryos that recapitulates many of the features of RNAi is described herein. The 
30 interference observed in this reaction is sequence-specific, is promoted by dsRNA, 
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but not by single-stranded RNA, functions by specific mRNA degradation, requires 
a nunimum length of dsRNA and is most efficient with long dsRNA. Furthermore, 
preincubation of dsRNA potentiates its activity. These results demonstrate that 
RNAi is mediated by sequence specific processes in soluble reactions. 
5 As described in Example 2, the in vitro system was used to analyze the 

requirements ofRNAi and to determine the fate of the dsRNA and the mRNA 
RNAi in vitro requires ATP, but does not require either mRNA translation or 
recognition of the 7-methyl-guanosine cap of the targeted mRNA. ThedsRNAbut 
not single-stranded RNA, is processed in vitro to a population of 2 1-23 nt species. 
10 Deamination of adenosines within the dsRNA does not appear to be required for 
formation of the 21 -23 nt RNAs. As described herein, the mRNA is cleaved only in 
the region corresponding to the sequence of the dsRNA and that the mRNA is 
cleaved at 21-23 nt intervals, strongly indicating that the 2 1-23 nt fragments from 
the dsRNA are targeting the cleavage of the mRNA Furthermore, as described in 
15 Examples 3 and 4, when the 21-23 nt fragments are purified and added back to the 
soluble extract, they mediate RNA. 

The present invention is illustrated by the following examples, which are not 
intended to be limiting in any way. 

Example 1 Targeted mRNA degradation by double-stranded RNA in vitro 
20 Materials and Methods 
RNAs 

Rr-Luc mRNA consisted of the 926 nt Rr luciferase coding sequence flanked 
by 25 nt of 5' untranslated sequence from the pSP64 plasmid polylinker and 25 nt of 
3' untranslated sequence consisting of 19 nt of pSP64 plasmid polylinker sequence 

25 followed by a 6 nt Sac I site. Pp-Luc mRNA contained the 1653 nt Pp luciferase • 
coding sequence with a Kpn I site introduced immediately before the Pp luciferase 
stop codon. The Pp coding sequence was flanked by 5' untranslated sequences 
consisting of 21 nt of pSP64 plasmid polylinker followed by the 512 nt of the 5' 
untranslated region (UTR) from the Drosophila hunchback mRNA and 3 1 

30 untranslated sequences consisting of the 562 nt hunchback 3' UTR followed by a 6 
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nt Sac I site. The hunchback 3' UTR sequences used contained six G-to-U mutations 
that disrupt function of the Nanos Response Elements in vivo and in vitro. Both 
reporter mRNAs terminated in a 25 nt poly(A) tail encoded in the transcribed 
plasmid. For both Rr-Luc and Pp -Luc mRNAs, the transcripts were generated by 
5 run-off transcription from plasmid templates cleaved at an Nsi I site that 

immediately followed the 25 nt encoded poly(A) tail. To ensure that the transcripts 
ended with a poly(A) tail, the Nsi I-cleaved transcription templates were resected 
with T4 DNA Polymerase in the presence of dNTPs. The SP6 mMessage inMachine 
kit (Ambion) was used for in vitro transcription. Using this kit, about 80% of the 
1 0 resulting transcripts are 7-methyl guanosine capped. 32 P-radiolabeling was 
accomplished by including a- 32 P-UTP in the transcription reaction. 

For Pp -Luc, ss, as, and dsRNA corresponded to positions 93 to 597 relative 
to the start of translation, yielding a 505 bp dsRNA For Rr -Luc, ss, as, and dsRNA 
corresponded to positions 118 to 618 relative to the start of translation, yielding a 
15 50 1 bp dsRNA. The Drosophila nanos competitor dsRNA corresponded to positions 
122 to 629 relative to the start of translation, yielding a 508 bp dsRNA. ssRNA, 
asRNA, and dsRNA (diagrammed in Figure 1) were transcribed in vitro with T7 
RNA polymerase from templates generated by the polymerase chain reaction. After 
gel purification of the T7 RNA transcripts, residual DNA template was removed by 
20 treatment with RQ1 DNase (Promega). The RNA was then extracted with phenol 
and chloroform, and then precipitated and dissolved in water. 
RNA annealing and native gel electrophoresis. 

ssRNA and asRNA (0.5 uM) in 10 mM Tris-HCl (pH 7.5) with 20 mM NaCl 
were heated to 95 ° C for 1 min then cooled and annealed at room temperature for 12 
25 to 1 6 h. The RNAs were precipitated and resuspended in lysis buffer (below). To 
monitor annealing, RNAs were electrophoresed in a 2% agarose gel in TBE buffer 
and stained with ethidium bromide (Sambrook et al., Molecular Cloning. Cold 
Spring Harbor Laboratory Press, Plainview, NY. (1989)). 
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Lysate preparation 

Zero- to two-hour old embryos from Oregon R flies were collected on 
yeasted molasses agar at 25'C. Embryos were dechorionated for 4 to 5 min in 50% 
(v/v) bleach, washed with water, blotted dry, and transferred to a chilled 
5 Potter-Elvehjem tissue grinder (Kontes). Embryos were iysed at 4'C in one ml of 
lysis buffer (100 mM potassium acetate, 30 mM HEPES-KOH, pH 7.4, 2 mM 
magnesium acetate) containing 5 mM mthiqthreitol (DTT) and 1 mg/ml Pefabloc SC 
(Boehringer-Mannheim) per gram of damp embryos.. The lysate was centrifuged for 
25 min at 14,500 x g at 4'C, and the supernatant flash frozen in aliquots in liquid 
10 nitrogen and stored at -80*C. 

Reaction conditions 

Lysate preparation and reaction conditions were derived from those 
described by Hussain and Leibowitz (Hussain and Leibowitz, Gene 46: 13-23 
(1986)). Reactions contained 50% (v/v) lysate, mRNAs (10 to 50 pM final 
concentration), and 10% (v/v) lysis buffer containing the ssRNA, asRNA, or dsRNA 
(10 nM final concentration). Each reaction also contained 10 mM creatine 
phosphate, 10 ug/ml creatine phosphokinase, 100 uM GTP, 100 uM UtP, 100 pM 
CTP, 500 pM ATP, 5 uM DTT, 0.1 U/mL RNasin (Promega), and 100 uM of each 
amino acid. The final concentration of potassium acetate was adjusted to 100 mM. 
For standard conditions, the reactions were assembled on ice and then pre-incubated 
at 25' C for 10 min before adding mRNA. After adding mRNAs, the incubation was 
continued for an additional 60 min. The 10 min preincubation step was omitted for 
the experiments in Figures 3A-3C and 5A-5C. Reactions were quenched with four 
volumes of i.25x Passive Lysis Buffer (Promega). Pp and Rr luciferase activity 
25 was detected in a Monolight 2010 Lummometer (Andytical Luniinescence 
Laboratory) using the Dual-Luciferase Reporter Assay System (Promega). ' 

RNA stability 

Reactions with 32 P-radiolabeled mRNA were quenched by the addition of 40 
volumes of 2x PK buffer (200 mM Tris-HCl, pH 7.5, 25 mM EDTA 300 mM NaCl, 



15 



20 
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2 A w/v sodium dodecyl ^ proteinase R 0M ^ dta ^ ^ 
wadded to a fina. coupon of 465 ^ ne ^ ^ fa ^ 
for 15 mm at 65' C, extracted with phenol/chloro Wraoamyl alcohol (25-24 !) 
^P-ipitatedwimaneqt^volomeofi.opropano,. Reacdons were analyzed 'by 
electrophoresis in a fonnaldehyde/agarese (0.8% w/v) gel (Sambrook et al 
Molecmar Cloning. Cold Spring Harbor labomtory Press, Review, NY ' 

RamoactintywasdetecWhyexposmgmea^oaegeUdriedmtdervacmanonto' 
NyhanPtasmembmne (Ame K ham) )t o m image plate (Poland stifled „ si ng 
a Fujtx Baa 2000 and Image Gange 3.0 (Fnjix) software. 

1 0 Commercial Iysates 

Untreated rabbit reticulocyte lysate (Ambion) and wheat genn extract 
(Amb 10 n) reactions were assembled according to the manufacturer's directions 
dsRNA was incubated in the lysate at 27'C (wheat germ) or 30"C (reticulocyte 
lysate) for 10 min prior to the addition of mRNAs. 

15 Results and Discussion 

To evaluate ifdsRNA could specif caUy b.ock gene expression in vitro 

repottennWAsderivedftom^omfferentlucirere.egeneslha.areu^e^bo.h 
ms^uenceandmhcifermsuhauntespecinci.ywereused: Renffia renifotmis (sea 

20 ^g.ereredftomouegenewasusedm^et.hatiuciferesemRNAwhJ 
the other luciferase mRNA was an internal control co-Inundated in me same 
reactton. dsRNAs of approximately 500 hp were prepared by hanscriprion of 
polymerase-chain reaction products from me Rr-Luc and Ppiuc genes. Each 
^Abegan^oOhpdownsftnamofmes^oftrenslationCFigure,,. Sensed, 
25 ^-nseCasJRNAwereh^cribedmvitxoand^ealed.oeachomer.o 
. pmducemedsRNA Nadve gel dectrephoresisof the individual Rr 501 andPp505 
n«as RNA and ssRNA used to fonn the Rr and Pp dsRNAs was P refonne4. Tbe 
ssRNA, asRNA, and dsRNAs were each tested fcr .heir W block speciflcaI]y 
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expression of their cognate mRNA but not the expression of the unrelated internal 
control mRNA. 

The ssRNA, asRNA, or dsRNA was incubated for 10 min in a reaction 
containing Drosophila embryo lysate, then both Pp-Luc and Rr-Luc mRNAs were 
5 added and the incubation continued for an additional 60 min. The Drosophila 
embryo lysate efficiently translates exogenously transcribed mRNA under the 
conditions used. The amounts of Pp-Luc and Rr-Luc enzyme activities were 
measured and were used to calculate ratios of either Pp-Luc/Rr-Luc (Figure 2A) or 
Rr-Luc/Pp-Luc (Figure 2B). To facilitate comparison of different experiments, the 
10 ratios from each experiment were normalized to the ratio observed for a control in 
which buffer was added to the reaction in place of ssRNA asRNA, or dsRNA. 

Figure 2A shows that a 10 nM concentration of the 505 bp dsRNA identical 
to a portion of the sequence of the Pp-Luc gene specifically inhibited expression of 
the Pp- Luc mRNA but did not affect expression of the Rr-Luc internal control. 
15 Neither ssRNA nor asRNA affected expression of Pp-Luc or the Rr-Luc internal 
control. Thus, Pp-Luc expression was specifically inhibited by its cognate dsRNA. 
Conversely, a 10 nM concentration of the 501 bp dsRNA directed against the Rr-Luc 
mRNA specifically inhibited Rr-Luc expression but not that of the Pp-Luc internal 
control (Figure 2B). Again, comparable levels of ssRNA or asRNA had little or no 
20 effecton expression of either reporter mRNA. On average, dsRNA reduced specific 
luciferase expression by 70% in these experiments, m which luciferase activity was 
measured after 1 h incubation. In other experiments in which the translational 
capacity of the reaction was replenished by the addition of fresh lysate and reaction * 
components, a further reduction in targeted luciferase activity relative to the internal 
25 control was observed. 

The ability of dsRNA but not asRNA to inhibit gene expression in these 
lysates is not merely a consequence of the greater stability of the dsRNA (half-life 
about 2 h) relative to the single-stranded RNAs (half-life - 10 min). ssRNA and 
asRNA transcribed with a 7-methyl guanosine cap were as stable in the lysate as 
30 uncapped dsRNA, but do not inhibit gene expression. In contrast, dsRNA formed 
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from the capped ssRNA and asRNA specifically blocks expression of the targeted 
mRNA. 

Effective RNAi in DrosophUa requires the injection of about 0.2 finol of 
dsRNA into a syncytial blastoderm embryo (Kennerdell and Carthew, Cell 
5 95:1017-1026 (1998); Carthew, 

wwl.pitt.edu/^arthew/manual^Ai_Protocol.hunl (1999)). Since the average 
volume of a Drosophila embryo is approximately 7.3 nl, this corresponds to an 
intracellular concentration of about 25 nM (Mazur et aL, Cryobiology 25:543-544 
(1988)). Gene expression in the Drosophila lysate was inhibited by a comparable 
10 concentration of dsRNA (10 nM), but lowering the dsRNA concentration ten-fold 
decreased the amount of specific interference. Ten nanomolar dsRNA corresponds 
to a 200-fold excess of dsRNA over target mRNA added to the lysate. To test if this 
excess of dsRNA might reflect a time- and/or concentration-dependent step in which 
the input dsRNA was converted to a form active for gene-specific interference, the. 
15 effect of preincubation of the dsRNAon its ability to inhibit expression of its 

cognate mRNA was examined. Because the translational capacity of the lysates is 
significantly reduced after 30 min of incubation at 25'C (unpubhshed observations), 
it was desired to ensure that all factors necessary for RNAi remained active 
throughout the pre-incubation period. Therefore, every 30 min, a reaction 
20 containing dsRNA and lysate was mixed with a fresh reaction containing 

unincubated lysate (Figure 3A). After six successive serial transfers spanning 3 
hours of preincubation, the dsRNA, now diluted 64-fold relative to its original 
concentration, was incubated with lysate and 50 P M of target mRNA for 60 min. 
Finally, the Pp-Luc and Rr-Luc enzyme levels were measured. For comparison, the 
25 input amount of dsRNA (10 nM) was diluted 32-fold in buffer, and its capacity to 
generate gene-specific dsRNA interference in the absence of any preincubation step 
was assessed. 

The preincubation of the dsRNA in lysate significantly potentiated its 
capacity to inhibit specific gene expression. Whereas the dsRNA diluted 32-fold 
3 0 showed no effect, the preincubated dsRNA Was, within experimental error, as potent 
as undiluted dsRNA despite having undergone a 64-fold dilution. Potentiation of 
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the dsRNA by preincubation was observed for dsRNAs targeting both the Pp-Luc 
mRNA (Figure 3B) and the Rr-Luc mRNA (Figure 3C). Taking into account the 
64-fold dilution, the activation conferred by preincubation allowed a 156 pM 
concentration of dsRNA to inhibit 50 pM target mRNA. Further, dilution of the 
5 "activated" dsRNA may be effective but has not been tested. We note that although 
both dsRNAs tested were activated by the preincubation procedure, each fully 
retained its specificity to interfere with expression only of the mRNA to which it is 
homologous. Further study of the reactions may provide a route to identifying the 
mechanism of dsRNA potentiation. 
10 One possible explanation for the observation that preincubation of the 

dsRNA enhances its capacity to inhibit gene expression in these lysates is that 
specific factors either modify and/or associate with the dsRNA, Accordingly, the 
addition of increasing amounts of dsRNA to the reaction might titrate such factors 
and decrease the amount of gene-specific interference caused by a second dsRNA of 
1 5 unrelated sequence. For bolh Pp-Luc mRNA and Rr-Luc mRNA, addition of 

increasing concentrations of the unrelated Drosophila nanos dsRNA to the reaction 
decreased the amount of gene- specific interference caused by dsRNA targeting the 
reporter mRNA (Figure 4). None of the tested concentrations of nanos dsRNA 
affected the levels of translation of the untargeted mRNA demonstrating that the 
-20 nanos dsRNA specifically titrated factors involved in gene-specific interference and 
not components of the translational machinery. The limiting factors) was titrated by 
addition of approximately 1000 nM dsRNA a 200-fold excess over the 5 nM of 
dsRNA used to produce specific interference. 

Interference in vitro might reflect either a specific inhibition of mRNA 
25 translation or the targeted destruction of the specific mRNA. To distinguish these 
two possibilities, the fates of the Pp-Luc and Rr-Luc mRNAs were examined 
directly using 32 P-radiolabeled substrates. Stability of 10 nM Pp-Luc mRNA or 
Rr-Luc mRNA incubated in lysate with either buffer or 505 bp Pp-dsRNA (10 nM). 
Samples were deproteinized after the indicated times and the 32 P-radiolabeled 
30 mRNAs were then resolved by denaturing gel electrophoresis. In the absence of 
dsRNA, both the Pp-Luc and Rr-Luc mRNAs were stable in the lysates, with ~ 75% 
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of the input mRNA remaining after 3 h of incubation. (About 25% of the input 
mRNA is rapidly degraded in the reaction and likely represents uncapped mRNA 
generated by the in vitro transcription process.) In the presence of dsRNA (10 nM, 
505 bp) targeting the Pp-Luc mRNA, less than 15% of the Pp-Luc mRNA remained 
after 3 h (Figure 5A). As expected, the Rr-Luc mRNA remained stable in the 
presence of the dsRNA targeting Pp-Luc mRNA. Conversely, dsRNA (10 nM, 501 
bp) targeting the Rr-Luc mRNA caused the destruction of the Rr-Luc mRNA but had 
no effect on the stability of Pp-Luc mRNA (Figure 5B). Thus, the dsRNA 
specifically caused accelerated decay of the mRNA to which it is homologous with 
no effect on the stability of the unrelated control mRNA. This finding indicates that 
in vivo, at least in Drosophila, the effect of dsRNA is to directly destabilize the 
target mRNA, not to change the subcellular localization of the mRNA for example, 
by causing it to be specifically retained in the nucleus, resulting in non-specific 
degradation. 

These results are consistent with the observation that RNAi leads to reduced 
cytoplasmic mRNA levels in vivo, as measured by in situ hybridization 

(Montgomery et al., Proc. Natl. Acad. Sci. USA 95:15502-15507 (1998)) and 
Northern blotting (Ngo et al., Proc. Natl. Acad. Sci. USA 95:14687-14692 (1998)). 
Northern blot analyses in trypanosomes and hydra suggest that dsRNA typically 
decreases mRNA levels by less than 90% (Ngo et al., Proc. Natl. Acad. Sci. USA 
95:14687-14692 (1998); Lohmann et al., Dev. Biol. 214:211-214 (1999)). The data 
presented here show that in vitro mRNA levels are reduced 65 to 85% after three 
hours incubation, an effect comparable with observations in vivo. They also agree 
with the finding mat RNAi in C. elegans is post- transcriptional (Montgomery et al, 
Proc. Natl. Acad. Sci. USA 95:15502-15507 (1998)). The simplest explanation for' 
the specific effects on protein synthesis is that it reflects the accelerated rate of RNA 
decay. However, the results do not exclude independent but specific effects on 
translation as well as stability. 

In vivo, RNAi appears to require a minimum length of dsRNA (Ngo et al., 
Proc. Natl. Acad. Sci., USA, 95:14687-14692 (1998)). The ability of RNA duplexes 
of lengths 49 bp, 149 bp, 505 bp, and 997 bp (diagrammed in Figure 1) to target the 
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degradation of the Pp-Luc mRNA in vitro was assessed. In good agreement with in 
vivo observations, the 49 bp dsRNA was ineffective in vitro, while the 149 bp 
dsRNA enhanced mRNA decay only slightly, and both the 505 and 997 bp dsRNAs 
caused robust mRNA degradation (Figure 5C). 50bp dsRNA targeting other 
5 portions of the mRNA cause detectable mRNA degradation, though not as robust as 
that seen for 500bp dsRNA. Thus, although some short dsRNA do not mediate 
RNAi, others of approximately the same length, but different composition, will be 
able to do so. 

Whether the gene-specific interference observed in Drosophila lysates was a 
10 general property of cell-free translation systems was examined. The effects of 

dsRNAs on expression of Pp-Luc and Rr-Luc mRNA were examined in 
commercially available wheat germ extracts and rabbit reticulocyte lysates. There 
was no effect of addition of 10 nM of either ssRNA, asRNA, or dsRNA on the 
expression of either mRNA reporter in wheat germ extracts. In contrast, the addition 
15 of 10 nM of dsRNA to the rabbit reticulocyte lysate caused a profound and rapid, 
non-specific decrease in mRNA stability. For example, addition of Rr-Luc dsRNA 
caused degradation of both Rr-Luc and Pp-Luc mRNAs within 15 min. The same 
non-specific effect was observed upon addition of Pp-Luc dsRNA. The non-specific 
destruction of mRNA induced by the addition of dsRNA to the rabbit reticulocyte 
20 lysatepresumablyreflectsmepreviouslyobservedactivationofRNaseLbydsRN^ 
(Clemens and Williams, Cell 13:565-572 (1978); Williams et al., Nucleic Acids Res. 
6:1335-1350 (1979); Zhou et al., Cell 72:753-765 (1993); Matthews, foteractions 
between Viruses and the Cellular Machinery for Protein Synthesis. In Translational 
Control (eds. J. Hershey, M. Mathews andN. Sonenberg), pp. 505-548. Cold 
25 Spring Harbor Laboratory Press, Plainview, NY. (1996)). Mouse cell lines lacking 
dsRNA-induced anti-viral pathways have recently been described (Zhou et al., 
Virology 258:435-440 (1999)) and maybe useful in the search for mammalian 
RNAi. Although RNAi is known to exist in some mammalian cells (Wianny and 
Zernicka-Goetz Nat. Cell Biol. 2: 70-75 (2000)), in many mammalian cell types its 
30 presence is likely obscured by the rapid induction by dsRNA of non-specific 
anti-viral responses. 



WO 01/75164 



PCT/USOl/10188 



-29- 



dsRNA-targeted destruction of specific mRNA is characteristic of RNAi, 
wMch has been observed* vivo mm 

system described above recapitulates in a reaction in vitro many aspects of RNAi. 
The targeted mRNA is specifically degraded whereas unrelated control mRNAs 
5 present in the same solution are not affected. The process is most efficient with 
dsRNAs greater than 150 bp in length. The dsRNA-specific degradation reaction in 
vitro is probably general to many, if not all mRNAs since it was observed using two 
unrelated genes. 

The magnitude of the effects on mRNA stability in vitro described herein are 
10 comparable with those reported in vivo (Ngo et al., Proc: Natl. Acad. Sci., USA, 
95:14687-14692 (1998); Lohmann et al., Dev. Biol., 214:21 1-214 (1999). However, 
the reaction in vitro requires an excess of dsRNA relative to mRNA hi contrasts ' 
few molecules of dsRNA per cell can inhibit gene expression in vivo (Fire et al.,' 
Nature, 391: 806-811 (1998); Kennerdell and Carthew, Cell, 95:1017-1026 (1998)). 
15 The difference between the stoichiometry of dsRNA to target mRNA in vivo and in 
vitro should not be surprising in that most in vitro reactions are less efficient than 
their corresponding in vivo processes. Interestringly, incubation of the dsRNA in the 
lysate greatly potentiated its activity for RNAi, indicating that it is either modified or 
becomes associated with other factors or both. Perhaps a small number of molecules 
20 is effective in inhibiting the targeted mRNA in vivo because the injected dsRNA has 
been activated by a process similar to that reported here for RNAi in Drosophila 
lysates. 

Example 2 Double-Stranded RNA directs the ATP-dependent cleavage of 
mRNA at 21 to 23 nucleotide intervals 
25 Methods and Material 
hi vitro RNAi 

In vitro RNAi reactions and lysate preparation were as described in Example 
1 (Tuschl et al., Genes Dev., 13:3191-7 (1999)) except that the reaction contained 
0.03 g/ml creatine kinase, 25 uM creatine phosphate (Fluka), and 1 mM ATP. 
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Creatine phosphate was freshly dissolved at 500 mM in water for each experiment. 
GTP was omitted from the reactions, except in Figures 2 and 3. 

RNA Synthesis. 

Pp-luc and Rr-luc mRNAs and Pp- and Rr-dsRNAs (including dsRNA 'B' in 
Figure 6) were synthesized by in vitro transcription as described previously (Tuschl 
etal., Genes Dev., 13:3191-7(1999)). To generate transcription templates for 
dsRNA 'C,' the 5' sense RNA primer was 

gcgtaatacgactcactataGAACAAAGGAAACGGATGAT (SEQ ID NO: 2) and the 3' 
sense RNA primer was GAAGAAGTTATTCTCCAAAA (SEQ ID NO: 3); the5' 
asRNA primer was gcgtaatacgactcactataGAAGAAGTTATTCTCCAAAA (SEQ ID 
NO: 4)and the 3' asRNA primer was GAACAAAGGAAACGGATGAT (SEQ ID 
NO: 5). For dsRNA 'A' the 5' sense RNA primer was 

gcgtaatacgactcactataGTAGCGCGGTGTATTATACC (SEQ ID NO: 6)and the 3' 
sense RNA primer was GTACAACGTCAGGTTTACCA (SEQ ID NO: 7); the 5' 
15 asRNA primer was gcgtaatacgactcactataGTACAACGTCAGGTTTACCA (SEQ ID 
NO: 8)and the 3 ' asRNA primer was GTAGCGCGGTGTATTATACC (SEQ ID 
NO: 9) (lowercase, T7 promoter sequence). 

mRNAs were 5 '-end-labeled using guanylyl transferase (Gibco/BRL), S- 
adenosyl methionine (Sigma), and a-*P-GTP (3000 Ci/mmol; New England 
20 Nuclear) according to the manufacturer's directions. Radiolabeled RNAs were 
purified by poly(A) selection using the Poly(A) Tract m kit (Promega). 
Nonradioactive 7-methyl- guanosine- and adenosine-capped RNAs were synthesized 
in in vitro transcription reactions with a 5-fold excess of 7-methyl-G(5')ppp(5')G or 

A(5')ppp(5')G relative to GTP. Cap analogs were purchased from New England 
25 Biolabs. 

ATP depletion and Protein Synthesis mhibition 

ATP was depleted by incubating the lysate for 10 rninutes at 25*C with 2 
mM glucose and 0.1 U/ml hexokinase (Sigma). Protein synthesis inhibitors were 
purchased from Sigma and dissolved in absolute ethanol as 250-fold concentrated 
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units nuclease PI, 3 hours, 50° C). Samples (1 ml) were co-spotted with 
non-radioactive 5 -mononucleotides [0.05 O.D. units (A 260 ) of pA, pC, pG, pi, and 
P U] on cellnlose HPTLC plates (EM Merck) and separated in the first dimension in 
isobutyric acid/25% ammonia/water (66/1/33, v/v/v) and in the second dimension in 
0.1M sodium phosphate, pH 6.8/anunonium snlfate/l-propanol (100/60/2, v/w/v; 
Silberklang et al., 1979). Migration of the non- radioactive internal standards was 
determined by UV-shadowing. 

Results and Discussion 
RNAi Requires ATP 

As described in Example 1, Drosophila embryo lysates faithfully recapitulate 
RNAi (Tuschl et aL, Genes Dev., 13:3191-7 (1999)). Previously, dsRNA-mediated 
gene silencing was monitored by measuring the synthesis of luciferase protein from 
the targeted mRNA. Thus, these RNAi reactions contained an ATP-regenerating 
system, needed for the efficient translation of the mRNA. To test i f ATP was, in 
fact, required for RNAi, the lysates were depleted for ATP by treatment with ' 
hexokinase and glucose, which converts ATP to ADP, and RNAi was monitored 
directly by following the fate of ^-radiolabeled Renilla reniformis luciferase 
(Rr-luc) mRNA (Figure 6). Treatment with hexokinase and glucose reduced the 
endogenous ATP level in the lysate from 250 uM to below 10 uM. ATP 
20 regeneration required both exogenous creatine phosphate and creatine kinase, which 
acts to transfer a high-energy phosphate from creatine phosphate to ADP. When 
ATP-depleted extracts were supplemented with either creatine phosphate or creatine 
kinase separately, no RNAi was observed. Therefore, RNAi requires ATP in vitro. 
When ATP, creatine phosphate, and creatine kinase were all added together to 
25 reactions containing the ATP-depleted lysate, dsRNA-dependent degradation of the 
Rr-luc mRNA was restored (Figure 6). The addition of exogenous ATP was not 
required Tor efficient RNAi in the depleted lysate, provided that both creatine 
phosphate and creatine kinase were present, demonstrating that the endogenous 
concentration (250 mM) of adenosine nucleotide is sufficient to support RNAi. 
30 RNAi with a Photinus pyralis luciferase (Pp-luc) mRNA was also ATP-dependent. 
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The stability of the Rr-Iue mRNA in (be absence ofRr-dsRNA was .educed 
» ATP-depIefcd lysa.es rehuive t0 ^ observed when ^ ^ 

system was included, but decay of the mRNA coder these cooditioos did oo, display 
me rapid decay kinetics characterise of RNAi in vibo, oor did it generate the Came 
mRNA cleavage prodocts characteristic of dsRNA-directed RNAi ttese 
experiments do no, establish if ft. ATP requiremen. for RNAi ia dire* hnpticating 
ATP m one or more steps in the RNAi mechanism, or indirect, reflecting a role for 
ATP m mamtaining high concentrations of another nucleoside triphosphate in the ' 
lysate. , 

10 Translation Is Not Required for RNAi In Vitro 

The requirement for ATP suggested that RNAi might be coupled to mRNA 
banslanon, a highly energyApendeu. process. To teat mis possibility, various 
mhtbttors of protein synthesis were added tothereaction by preparing a denabtring 
^^'^of5-.32P- B mo.abdedPp-lucmR N Aa ft «inoub«ionfcr 

peptide bond formation, cydoheximide, an inhibitor of peptide chain elongation and 
puromycin, a tRNA mime which causes promahtre tennination of translation . 
(Cundoffe, Antibiotic Inhibitors of Ribosome Function. In The Molecular Basis of 
20 Antibiotic Action, E. Gale, B. Cundlifle, P. Reynolds, M. Richmond and M 

Warning, eds. (New Yo*: Wiley), pp. 402-547. (1981)) were tested. Each of mese 
mhtbttors roduced protein synthesis in the Drosophila lysate by more man 1,900-fold 
^ 7A > •^^c U „ ran ,heni Mtmi nh i 6i to rofI^p M . mitoctadri- 
protom synntesis (Page and Chr-Weaver, Dev. Biol., ,83:,95-207 (1997)), had no 
^^^onmrne^^y^^^,^^ 
cyeloheximide, or chloramphenicol, RNAi proceeded at normal efficiency. 
Puromycin also did no, perforh efficien, RNAi Thus, protoin synthesis is no, 
required for RNAi in vitro. 

Translation* initiation is an ATP-dependent process that involves 
30 recosoition of the 7- me tbyl guanosine cap of thexnRNA (Kozak, Gene, 234:187-208 
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- 8*140,4 0999,, A 1 ^« h e„ n , machhaycmdiscrimte ^ 

^luc^A S wi ft 7- m e ft y 1 -„aandada n oainacap s , tt e hs „ n ^ Asw ^ 
equally susceptible to RNAi in the presence of Pp-dsRNA (Figure 7C). These . 
-suits suggest that steps in cap recognition are nor involved in RNAi. 

dsRNA Is Processed to 21-23 nt Species 

15 ^'^"'^-SenaratedSornborhrhesensaandanti-senae 
stands of genes undergoing poat^nsonp^ gMe silmcing fc 

-■Banlcornhe, Science, 286:950-2 (1999,,, Denaturing acrylamide-ge, analysis of 

^^^^^^^RNAlcondinons.inmepresenceor 
absenceoftargetn^M It was found that dsRNA is also processed to small RNA 

'TTt' ~"^«-*-*»-* 15%„f dreirrputredioaenvity 
2*«•^0.bp Rr .d^Aand t he 5 0 5 bpPp^ Aappearedin21to23 ; ,3 ' , 
^^men te .Beoau S e 1 hedsR NAsa « m()rethail500bpiiilen8(li)thei5% 

25 reln ^^^^^'^"^-^ueediteeach 
* ^^Anroiecn.e.Koo^a.ableprednc.we.de^^^ 

P- ra d 1 o^e,ed. F o n na a „n„f t he21.23n, RN As fo n, a eds RN Adidnotre, u L 
drepresence of.be oorreaponding nuWA, demonstrating that the smaURNA species 
- bypreceaaing of the dsRNA, rata than as aprodnc, of 
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to two turns of an A-fotm RNA-BNA hefix. 

When dsRNAs radiolabeled within either the sense or the anti -sense strand 
were mcubated with lysate in a standard RNAf reaction, 21-23 nt RNAs were 
gmM with comparable efficiency, These data support idea ^ to ^ - 
RNAs arc generated by symmetric processing „f ^ A ^ rf ^ 

"Wort the idea mat me 21-23 n. RNA is efficiently generated only from dsRNA 
and is no. the consequent of an interaction hahveen single-stranded SNA and tire 
dsRNA. Htst.a'tp.^diCbe.edsoSn.Pp-hcsenseRNAorasRNAwasnot 
10 efficiently converted to tire 21-23 ntproduct when i, was incubated with 5 nM 
nonradioactive 505 bp Pp- dsRNA Second, in me absence of mRNA a 501 nt 
7-methyf-guanosfne-capped Rr- asRNA produced onfy a barefy detectable amount 
of 21-23 n. RNA (capped single- atanded RNAs are a, stable in the fy Sate as 
dsRNA, TuschI e, al, Genes Dev., 13*19.-7 (1999)). probably due to a smafl 
amom-tofdsimAcnntammanngtheanti-aensepreparation. However, when Rr-fuc 
mRNA was fncfuded in the reaction Witt, the »p. radiofabefed, capped Rr-asRNA, a 

of 21-23 nt RNA preduced.from an equimolar amount of Rr-dsRNA. Una result fc 
unhkefy to reflect the presence of contaminating dsRNA in the Rr-asRNA 
20 preparation, since significantly more product watt genemted from the asRNA in me 

"^^^^Amanmteabaen^Jn^todata suggests 
asRNA can interne, with the complementary mRNA sequences to fonn dsRNA in 
the teaction and that the rating dsRNA is subsequently Pressed to the small 
RNA.pec.ea. Rr-asRNA can support a low level of bona fide RNAi in vitro (see 
25 below), consistent with this explanation. 

I< was next asked if production of tie 21-23 nt RNAa from dsRNA required 
ATP. When the 505 bp Pp^RNA was incubated in a lysate depleted for ATP by 
treatment with hexokinaae and gtucose, 21-23 nt RNA was produced, afhef, 6 times 

d --^««»ATPwasre g e TO ra te dmu K deple M , JS a,ebymefnclusi„nof 
creatine fdnase and creatine phosphate. Therefore, ATP may not be required for 
production of me 21-23 „. RNA species, but may instead sfmp.y enha lce ite 
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formation. Alternatively, ATP maybe required for processing of the dsRNA but at 
a concentration less than that remaining after hexokinase treatment. The molecular 
bas 1S for the slower mobility of the small RNA fragments generated in the 
ATP-depleted lysate is not understood. 
5 Wagner and Sun (Wagner and Sun, Nature, 391:744-745 (1998)) and Sharp 

(Sharp, Genes Dev., 13:139-41 (1999)) have speculated that the requirement for 
dsRNA in gene silencing byRNAi reflects the involvement of a dsRNA-specific 
adenosine deaminase in the process. dsRNA adenosine deaminases unwind dsRNA 

byconvertmgadenosmetomosme,whichdoesnotbase-pairwithuracil. dsRNA " 
10 adenosine deaminases function in the post-transcriptional editing ofmRNA (for 
review see Bass, Trends Biochem. Sci., 22:157-62 (1997)). To test for the 
involvement ofdsRNA adenosine deaminase in RNAi, the degree of conversion of 
adenosme to inosine in the 501 bp Rr-luc and 505 bp Pp-hic dsRNAs after 
incubation with Drosophila embryo lysate in a standard in vitro RNAi reaction was 
15 examined. Adenosine deamination in full-length dsRNA and the 21-23 nt RNA • 
species was assessed by two-dimensional thin-layer chromatography. Inorganic 
phosphate (P,) was produced by the degradation of mononucleotides by 
phosphatasestlxatcontammatecommerciallyavailablenucleasePl (Auxilien et al 
J. Mol. Biol., 262:437-458 (1996)). The degree of adenosine deantination in the 
21-23 nt species was also determined. The full-length dsRNA radiolabeled with 
[ 32 P]-adenosine was incubated in the lysate, and both the full-length dsRNA and the 
21-23 nt RNA products were purified from a denaturing acrylamide gel, cleaved to 
mononucleotides with nuclease PI, and analyzed by two-dimensional thin- layer ' 
chromatography. 

A significant fraction of the adenosines in the full-length dsRNA were 
converted to inosine after 2 hours (3.1% and 5.6% conversion for Pp-luc and Rr-luc 
dsRNAs, respectively). In contrast, only 0.4% (Pp-dsRNA) or 0.7% (Rr-dsRNA) of 
the adenosines in the 21-23 nt species were deaminated. These data imply that 
fewer man 1 in 27 molecules of the 21-23 nt RNA species contain an inosine. 
Therefore, it is unlikely that dsRNA-dependent adenosine deamination within the 
21-23 nt species is required for its production. 
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asRNA Generates a Small Amount of RNAi in vitro 

When mRNA was ^-radiolabeled within the 5'-7-methyl-guanosine cap, 
stable 5' decay products accumulated during the RNAi reaction. Such stable 
5'decay products were observed for both the Pp-luc and Rr-luc mRNAs when they 
were incubated with their cognate dsRNAs. Previously, it was reported that efficient 
RNAx does not occur when asRNA is used in place ofdsRNA (Tuschl et al., Genes 
Dev., 13:3191-7(1999)). Nevertheless, mRNA was measurably less stable when 
incubated with asRNA than with buffer (Figures 8A and 8B). This was particularly 
evident for the Rr-luc mRNA: approximately 90% of the RNA remained intact after 
a 3-hour incubation in lysate, but only 50% when asRNA was added. Le SS ^ 5% 
remained when dsRNA was added. Interestingly, the decrease in mRNA stability 
caused by asRNA was accompanied by the formation of a small amount of the stable 
. 5'-decay products characteristic of the RNAi reaction with dsRNA. This finding 
parallels the observation that a small amount of 21- 23 nt product formed from the 
1 5 asRNA when it was incubated with the mRNA (see above) and lends length to the 
idea that asRNA can enter the RNAi pathway, albeit inefficiently. 

mRNA Cleavage Sites Are Deterrrrined by the Sequence of the dsRNA ' 

The sites of mRNA cleavage were examined using three different dsRNAs, 
'A,' TV and 'C,' displaced along the Rr-luc sequence by approximately 100 nts 
20 Denatoringacryl^ 

after rncubation of the Rr-luc mRNA for the indicated times with each of the three 
^RNAs,-A,^,.and'C,'orwithbuffer ( 0 ) was P erformed. The positions of these 
relatrve to the Rr-luc mRNA sequence are shown in Figure 9. Each of the three 
dsRNAs was incubated in a standard RNAi reaction with Rr-luc mRNA 
"P-radaolabeledwitlrintheS'-cap. In the absence of dsRNA, no stable 5'-cleavage 
products were detected for the mRNA, even after 3 hours of incubation in lysate In 
contrast, after a 20-minute incubation, each of the three dsRNAs produced a ladder 
of bands corresponding to a set of mRNA cleavage products characteristic for that 
particular dsRNA. For each dsRNA, the stable, 5' mRNA cleavage products were 
30 restricted to the region of the Rr-luc mRNA that corresponded to the dsRNA 
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(Figures 9 and 10). For dsRNA 'A • tho i^^u 

from 2« t ■ \ \ ^NA A, the lengths of the 5'- cleavage products ranged 
from 236 tojustunder ~750nt; dsRNA 'A' spans nucleotides 233 to 729 of the 
Rr-lucmRNA. .^cubationofthetnimA^thdsRNAB^oducedn^A ■ 
^.cleavageproductsra.ginginlengthfronx 150 to -600 nt; dsRNA B' spans 
nucleohdes 1 43to644ofthe mR NA. Finally, dsRNA 'C' produced mRNA cleavage 

ft.feta.0OtA. before, ^ dsRNA not on, y provides specificity^ the RNAi 
^^^^^^^^^^ 

10 sequence. 

The mRNA Is Cleaved at 21-23 Nucleotide Intervals 

To gain tintnee mt0 ^ mKtaism „ ^ fc ^ 

^ 7 aSe ^ * ^ ^ped 10 , H gh 

15 d^edabovewaaperfonned ^Iv.ntoatof^Ceavageaoec^a, 
21-23 nnntervab (FigurelO). TUa spacing iseapeoiaUyatitiing in light of our 
oh^ationtitat^ed^iap^^..^^^^^^ 

of lotion and Baulconthe thata25ntRNA conCate, wida poat-ti^criptiona, 

20 tiTIti r 8 nPtate " nffidB ^' S ^^:950-2( I9 9 9 )). Of 
ti.el S cl«vage MteS wemap P ed(2 fcr da R NA.A,'5focd sR NA B .andOfo r 
^.C, ) anhn, t wo refl ec tt he2..23n,in,e™cOneof t he t wo exceptional 

25 Afieefonrdeavagea spaced 2L23M 

25 ^^A.Ccan^ c ,eavageof m enu W A j n a ninen,3- to C evious 

clenvageaiteC.da.rowhendinFignrdO). ThUcIe^oocn^din.mnof^ 

-21-23 n, 3 to the exceptional site. He tee subseqlKnt cleavage ^ 

-Ppedwe I ealso S paeod21-23n,apa r t Cnnonalv.ofthesixteeneleavagesi.es 
30 °"»«*y*>*r„ maatd ^ Me>mem ^ 
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de.eanu.ed byaprocess whicu tneaane.y-23 nt fatemb ^ . 
se.ueneeprefe^ceforceavagea.u^,. Res** show that the 2.-23 ntRNA 
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CLAIMS 

What is claimed is: 

4 ' ^ of isolated RN A of claim i u 

10 mmimU ^ * eleU0 "- S,,bst ""' i °««alte rati „ nofoileor 



5. 



Mated KK A of fcm 
' ^^^ eodl ^ fl iat mediates RNA interference. 

8 - The soluble extract of Claim 7 h • 
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(b) maintaining the combination of a) under conditions in which the 

double-stranded RNA is processed to RNA of from about 21 to about 
23 nucleotides in length. 

10. The method of Claim 9, wherein the soluble extract is derived from syncytial 
blastoderm Drosophila embryos. 

11. The method of Claim 9 further comprising isolating the RNA of from about 
21 to about 23 nucleotides from the combination. 

12. RNA of about 2 1 to about 23 nucleotides produced by the method of Claim 
9. 



20 



in 



10 13. A method of producing RNA of from about 21 to about 23 nucleotides i 

length that mediates RNA interference of mRNA of a gene to be degraded, 
comprising: 

(a) combining double-stranded RNA that corresponds to a sequence of 
the gene to be degraded with a soluble extract that mediates RNA 

15 interference, thereby producing a combination; and 

(b) mamtaining the combination of (a) under conditions under which the 
double-stranded RNA is processed to RNA of from about 2 1 to about 
23 nucleotides that mediates RNA interference of the mRNA of the 

gene to be degraded, thereby producing RNA of from about 21 to 
about 23 nucleotides that mediates RNA interference of the mRNA. 

14. The method of Claim 13, wherein the soluble extract is derived from 
syncytial blastoderm Drosophila embryos. 

15. The method of Claim 13 further comprising isolating RNA of from about 21 
to about 23 nucleotides from the combination. 
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16. Isolated RNA of from about 21 to about 23 nucleotides produced by the 
method of Claim 15. 

17- A method of mediating RNA interference of mRNA of a gene in a cell or 
organism comprising: 

(a) introducing RNA of from about 21 to about 23 nucleotides which 
targets the mRNA of the gene for degradation into the cell or 
organism; 

(b) mamtaining the cell or organism produced in (a) under conditions 
under which degradation of the mRNA occurs, thereby mediating 
RNA interference of the mRNA of the gene in the cell or organism. 

18. The method of Claiml7 wherein the RNA of (a) is a chemically synthesized 
RNA or an analog of naturally occurring RNA. 

19. The method of Claim 17, wherein the gene encodes a cellular mRNA or a 
viral mRNA. 



15 20. AmemodofmediatmgRNAmterferenceofmRNAofageneinaceUor 
organism in which RNA interference occurs, comprising: 

(a) combining double-stranded RNA that corresponds to a sequence of 
the gene with a soluble extract that mediates RNA interference, 
thereby producing a combination; 
20 00 mamtaining the combination produced in (a) under conditions under 

which the double- stranded RNA is processed to RNA of from about 
21 to about 23 nucleotides, thereby producing RNA of from about 21 
to about 23 nucleotides; 

t 

(c) isolating RNA of from about 2 1 to about 23 nucleotides produced in 
25 (b); 

(d) introducing RNA isolated in ( c) into the cell or organism; and 
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(e) maintaining the cell or organism produced in (d) under conditions 
under which degradation ofmRNA of the gene occurs, thereby 
mediating RNA interference of the mRNA of the gene in the cell or 
organism. 

5 21. The method of Claim 20, wherein the soluble extract is derived from 
syncytial blastoderm Drosophila embryos. 

22. The method of Claim 20, wherein the RNA is isolated using gel 
. electrophoresis. 

23. A method of mediating RNA interference ofmRNA of a gene in a cell or 

10 organism in which RNA interference occurs, comprising; (a) introducing into 

the cell or organism RNA of from about 2 1 to about 23 nucleotides that 
mediates RNA interference of mRNA of the gene, thereby producing a cell 
or organism that contains the RNA and (b) maintaining the cell or organism 
that contains the RNA under conditions under which RNA interference 

15 occurs, thereby mediating RNA interference ofmRNA of the gene in the cell 

or organism. 

24. The method of claim 23, wherein the RNA of from about 21 to about 23 
nucleotides is chemically synthesized RNA or an analog of RNA that 
mediates RNA interference. 

20 25 . The method of Claim 23, wherein the gene encodes a cellular mRNA or a 
viral mRNA. 

26. A knockdown cell or organism generated by the method of claim 23 . 

27. The knockdown cell or organism of claim 26, wherein the cell or organism 
mimics a disease. 
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A method of examining the function of a gene in a cell or organism 
comprising: 

(a) introducing RNA of from about 21 to about 23 nucleotides that 
targets mRNA of the gene for degradation into the cell or organism, 
thereby producing a test cell or test organism; 

(b) maintaining the test cell or test organism under conditions under 
which degradation of mRNA of the gene occurs, thereby producing a 
test cell or test organism in which mRNA of the gene is degraded; 
and 

(c) observing the phenotype of the test cell or test organism produced in 
(b) and, optionally, comparing the phenotype observed to that of an 
appropriate control cell or control organism, thereby providing 
information about the function of the gene. 

The method of Claim 28 wherein the RNA introduced in (a) is chemically 
synthesized or an analog of RNA that mediates RNA interference. 

A method of examining the function of a gene in a cell or organism 
comprising 

(a) combining double-stranded RNA that corresponds to a sequence of 
the gene with a soluble extract that mediates RNA interference, 
thereby producing a combination; 

\ (b) maintaining the combination produced in (a) under conditions under 
which the double- stranded RNA is processed to RNA of about 21 to 
about 23 nucleotides, whereby RNA of about 21 to about 23 
nucleotides is produced; 

(c) isolating RNA of about 21 to about 23 nucleotides produced in (b); 

(d) introducing the RNA isolated in (c) into the cell or organism, thereby 
producing a test cell or test organism; 
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(e) maintaining the test cell or test organism under conditions under 

which degradation of mRNA of the gene occurs, thereby producing a 
test cell or test organism in which mRNA of the gene is degraded; 
and 

5 (f) observing the phenotype of the test cell or test organism produced in 

(e) and, optionally, comparing the phenotype observed to that of an 
appropriate control, thereby providing information about the function 
of the gene; 

31. The method of claim 30, wherein the RNA comprises a terminal 3 f hydroxyl 
10 group. 



32. The method of claim 30, wherein the soluble extract is derived from 
syncytial blastoderm Drosophila embryos. 

33. The method of claim 30, wherein the RNA is isolated using gel 
electrophoresis. 

1 5 34. A composition comprising biochemical components of a Drosophila cell that 
process dsRNA to RNA of about 21 to about 23 nucleotides and a suitable 
carrier. 

35. A composition comprising biochemical components of a cell that target 
mRNA of a gene to be degraded by RNA of about 21 to about 23 

20 nucleotides. 

36. A method of treating a disease or condition associated with the presence of a 
protein in an individual comprising administering to the individual RNA of 
from about 21 to about 23 nucleotides that targets the mRNA of the protein 
for degradation. 
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37. The method of claim 36 wherein RNA of from about 21 to about 23 
nucleotides is chemically synthesized or an analog of RNA that mediates 
RNA interference. 

38. A method of assessing whether an agent acts on a gene product comprising: 
5 (a) introducing RNA of from about 21 to about 23 nucleotides which 

targets the mRNA of the gene for degradation into a cell or organism; 

(b) maintaining the cell or organism of (a) under conditions in which 
degradation of the mRNA occurs, 

(c) introducing the agent into the cell or organism of (b); and 

1 0 (d) determining whether the agent has an effect on the cell or organism, 

wherein if the agent has no effect on the cell or organism then the 
agent acts on the gene product or on a biological pathway that 
involves the gene product 

39. The method of claim 38, wherein the RNA of from about 21 to about 23 
1 5 nucleotides is chemically synthesized or an analog of RNA that mediates 

RNA interference, 

40. A method of assessing whether a gene product is a suitable target for drug 
discovery comprising: 

(a) introducing RNA of from about 21 to about 23 nucleotides which 

20 targets the mRNA of the gene for degradation into a cell or organism; 

(b) maintaining the cell or organism of (a) under conditions in which 
degradation of the mRNA occurs resulting in decreased expression of 
the gene; and 

(c) determining the effect of the decreased expression of the gene on the 
25 cell or organism, wherein if decreased expression has an effect, then 

the gene product is a target for drug discovery. 
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4 1 . The method of claim 40, wherein the RNA of from about 2 1 to about 23 
nucleotides is synthetic RNA or an analog of RNA that mediates RNA 
interference. 

42. A gene identified by the sequencing of endogenous 21 to 23 nucleotide RNA 
5 molecules that mediate RNA interference. 

43. A pharmaceutical composition comprising RNA of from about 21 to about 
23 nucleotides that mediates RNA interference and an appropriate carrier. 

44. A method of producing knockdown cells, comprising introducing into cells 
in which a gene is to be knocked down RNA of about 2 1 to about 23 nt that 

1 0 targets the mRNA corresponding to the gene and maintaining the resulting 

cells under conditions under which RNAi occurs, resulting in degradation of 
the mRNA of the gene, thereby producing knockdown cells. 

45. The method of claim 44, wherein the RNA of about 21 to about 23 
nucleotides is synthetic RNA or an analog of RNA that mediates RNA 

15 interference. . 

46. A method of identifying target sites within mRNA that are efficiently cleaved 
by the RNAi process, comprising combining dsRNA corresponding to a 
sequence of a gene to be degraded, labeled mRNA corresponding to the gene 
and a soluble extract that mediates RNA interference, thereby producing a 

20 combination; maintaining the combination under conditions under which the 

dsRNA is degraded and identifying sites in the mRNA that are efficiently 
cleaved 



47. A method of identifying 2 1 -23 nt RNAs that efficiently mediate RNAi, 
wherein said 21-23 nt RNAs span the target sites identified within the 
25 mRNA by the method of claim 46. 
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48. RNA of claim 16, isolated using gel electrophoresis. 

49. RNA of claim 16, isolated using non-denaturing methods. 

50. RNA of claim 16, isolated using non-denaturing column chromatography. 
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Figure 13A 
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